ABSTRACT: The aryl hydrocarbon receptor (AHR) is a ligand-activated transcription factor involved in the regulation of multiple cellular pathways, such as xenobiotic metabolism and Th17 cell differentiation. Identification of key physiologically relevant ligands that regulate AHR function remains to be accomplished. Screening of indole metabolites has identified indoxyl 3-sulfate (I3S) as a potent endogenous ligand that selectively activates the human AHR at nanomolar concentrations in primary human hepatocytes, regulating transcription of multiple genes, including CYP1A1, CYP1A2, CYP1B1, UGT1A1, UGT1A6, IL6, and SAA1. Furthermore, I3S exhibits an ∼500-fold greater potency in terms of transcriptional activation of the human AHR relative to the mouse AHR in cell lines. Structure-function studies reveal that the sulfate group is an important determinant for efficient AHR activation. This is the first phase II enzymatic product identified that can significantly activate the AHR, and ligand competition binding assays indicate that I3S is a direct AHR ligand. I3S failed to activate either CAR or PXR. The physiological importance of I3S lies in the fact that it is a key uremic toxin that accumulates to high micromolar concentrations in kidney dialysis patients, but its mechanism of action is unknown. I3S represents the first identified relatively high potency endogenous AHR ligand that plays a key role in human disease progression. These studies provide evidence that the production of I3S can lead to AHR activation and altered drug metabolism. Our results also suggest that prolonged activation of the AHR by I3S may contribute to toxicity observed in kidney dialysis patients and thus represent a possible therapeutic target.
The aryl hydrocarbon receptor (AHR) 1 is a ligand-activated transcription factor that belongs to the basic helix-loop-helix/ Per-Arnt-Sim (bHLH/PAS) family of transcription factors, a class of proteins that are considered environmental sensors. Prior to activation, the AHR is located in the cytoplasm of the cell, complexed with two heat-shock protein 90 molecules, X-associated protein 2, and p23. Binding of ligand leads to nuclear translocation and subsequent release of the chaperone complex and formation of a heterodimer with the AHR nuclear translocator (ARNT), which then binds to dioxin responsive element (DRE; or xenobiotic responsive element) sequences in the promoter regions of target genes (1) . It is of interest to note that a number of genes have recently been determined to be regulated by the AHR without direct binding of the AHR to a DRE consensus sequence (2) .
Activation of the AHR is primarily known to mediate the expression of phase I and phase II drug metabolism genes, including CYP1A1/2, CYP1B1, UGT1A1/6, and sulfotransferase (SULT) 1A1. However, a variety of studies have indicated that the AHR can regulate a diverse set of genes (e.g., slug, epiregulin, and prostaglandin endoperoxidase H synthesis 2) involved in immune function, proliferation, and inflammatory signaling, and these responses are often cell type specific (3) (4) (5) . The AHR also regulates IL6 expression in tumor cells (2, 6) . Additionally, the AHR can mediate repression of acute phase genes (e.g., SAA1) in a manner independent of DRE binding, further expanding the diversity of AHR-mediated gene regulation (2) . The AHR has also been shown to play a crucial role in a number of physiological processes, including liver vascular development (7) and T-cell differentiation into Th17 cells (8) . This latter observation has spurred considerable interest in the AHR because of the emerging role Th17 cells play in proinflammatory processes such as psoriasis and inflammatory bowel disease (9, 10) . Ahr null mice have reduced reproductive success that is mediated in part by impaired ovulation and folliculogenesis (11) . Thus, the AHR plays an important role in normal cellular physiology and homeostasis.
A number of exogenous AHR ligands have been identified and extensively investigated. Among these are polycyclic aromatic hydrocarbons, halogenated aromatic hydrocarbons (e.g., 2,3,7,8-tetrachlorodibenzo-p-dioxin or dioxin), and many naturally occurring flavonoids (e.g., resveratrol and quercetin). The extreme toxicity of dioxin in rodents is due to its long half-life leading to continual AHR activation. Endogenous compounds have been identified as relatively weak AHR ligands, and their physiological relevance remains uncertain (12 of the AHR in multiple pathways involved in disease processes, it becomes even more imperative to identify key endogenous ligand(s) for this receptor. The search for an endogenous ligand of the AHR has yielded a few compounds, but most have shown low affinity for the AHR (e.g., bilirubin) or their role in normal physiology is uncertain (e.g., indirubin). However, bilirubin can reach a concentration that can activate the AHR in certain disease states such as jaundice (13) . On the basis of numerous reports identifying indole derivatives as AHR agonists (14), coupled with the discovery that the human AHR appears to preferentially bind indirubin (15) relative to the mouse AHR, we examined a panel of simple indole derivatives, including: tryptophan, indole, indoxyl 3-sulfate (I3S), indoxyl 3-acetate (I3A), and indole 3-methanol. Surprisingly, I3S is a human AHR ligand and potent activator of transcriptional activity. This observation has considerable physiological relevance because of the presence of high concentrations of I3S, a uremic toxin, in humans with kidney disease and its association with vascular disease (16) . This is the first report of I3S binding to a specific target protein and may represent a key molecular mechanism of I3S-mediated toxicity.
MATERIALS AND METHODS
Chemicals and Reagents. Indoxyl 3-sulfate, indoxyl 3-acetate, and indoxyl 3-methanol were purchased from Alfa Aesar (Ward Hill, MA). 6,2 0 ,4 0 -Trimethoxyflavone was obtained from Indofine Chemical Co. (Hillsborough, NJ). All other chemicals used were obtained from Sigma (St. Louis, MO) at the highest grade available.
Cell Culture. Huh7, HepG2 40/6, and H1L1.1c2 cells were maintained in R-MEM (Sigma), supplemented with 8% fetal bovine serum (FBS) (Hyclone Laboratory, Logan, UT), 1000 units/mL penicillin, and 0.1 mg/mL streptomycin (Sigma). MCF-7 breast tumor cells were maintained as previously described (6) . The human hepatoma HepG2 40/6 line and the mouse hepatoma H1L1.1c2 line are clonal cell lines stably transfected with the DRE-driven luciferase reporter constructs pGudLuc 6.1 and pGudLuc 1.1, respectively (17, 18) .
Primary Human Hepatocytes. Primary human hepatocytes from two different donors were obtained from the University of Pittsburgh, through the Liver Tissue Cell Distribution System (NIH Contract N01-DK-7-0004/HHSN267200700004C). Culture details have been reported previously (19) . Forty-eight hours following Matrigel additions, cells were exposed to I3S or TCDD at the noted concentrations for the stated treatment times.
Stable Reporter Luciferase Assay. Assays were performed using the HepG2 40/6 and H1L1.1c2 stable reporter cell lines, described previously (17, 18) . Following 4 h treatments with specified compounds at the given concentrations, cells were lysed and luciferase activity was determined using Luciferase Assay System Substrate (Promega Corp., Madison, WI) according to manufacturer's directions.
Ligand Binding Assay and Transgenic Mice. AHR ligand binding assays were performed as described previously, as was the development of the AHR Ttr Cre Alb Ahr fx/fx mouse model from which liver cytosol was used as a source for human AHR (15) . In this mouse line, the mouse AHR has been deleted from hepatocytes and the human AHR is expressed from the transgene driven by a hepatocyte specific promoter.
RNA Isolation and Real-Time PCR. RNA was isolated from cells using TRI Reagent (Sigma) according to the manufacturer's instructions. cDNA was prepared from the RNA samples by reverse transcription with the High Capacity cDNA Archive Kit (Applied Biosystems, Foster City, CA) and analyzed by quantitative real-time PCR on a Bio-Rad iQ system using PerfeCTa SYBR Green SuperMix for iQ (Quanta Biosciences, Gaithersburg, MD). The ribosomal gene product, L13a, was used to normalize the results for each gene examined. Primers used for real-time RT-PCR analysis are listed in Table S1 of the Supporting Information.
Gene Silencing. AHR mRNA levels were decreased using the Dharmacon On-Target plus small interfering RNA (siRNA) oligonucleotide (Dharmacon, J004990-07). Electroporation or nucleofection was performed using the Amaxa nucleofection system, essentially as described in manufacturer protocols. Briefly, cells were washed and suspended at a concentration of 3Â10 6 cells/100 μL of nucleofection solution. Control or targeted siRNA was added to the sample to a final concentration of 2 μM. Samples were electroporated using the manufacturer's highefficiency program and plated into six-well dishes in complete medium.
Western Blot Analysis. Whole cell extracts were prepared by lysing cells in RIPA buffer [10 mM Tris-HCl (pH 8.0), 1 mM EDTA, 0.5 mM EGTA, 140 mM NaCl, 1% Triton X-100, 0.1% sodium deoxycholate, and 0.1% SDS] supplemented with 1% NP40, 300 mM NaCl, and protease inhibitor cocktail (Sigma).
Homogenates were centrifuged at 21000g for 30 min at 4°C, and the soluble fraction was collected as the cellular extract. Protein samples were resolved by Tricine SDS-PAGE and transferred to a membrane. Immunoblotting was performed using antibodies directed against AHR (mouse monoclonal antibody RPT1, Affinity Bioreagents, Golden, CO) and p23 (provided by D. Toft, Mayo Clinic, Rochester, MN). Proteins were visualized using biotin-conjugated secondary antibodies in conjunction with [ 125 I]streptavidin. P450 Glo Activity Assay. The P450 Glo CYP1A1 assay was purchased from Promega Corp. Cells were grown in 12-well (primary human hepatocytes) or 24-well (Huh7) plates. I3S (from 100 nM to 50 μM), 10 nM TCDD, or DMSO was added directly to the plates (0.1% DMSO total/well). Following treatment for 18 h, cells were washed once with warm PBS, and fresh medium containing luciferin-CEE reagent (1:100 dilution) was added to the wells (200 μL/well for a 24-well plate and 500 μL/well for a 12-well plate). Cells were incubated for an additional 24 h before luciferase readings were performed as described by manufacturer. Samples were normalized for total protein concentration.
Transient Transfection Assays for CAR and PXR Activation. All transfections were performed in a 48-well format. On the morning of day 1, COS1 cells were seeded to approximately 60-70% confluency in each well. DNA transfection mixtures were assembled using Fugene6 transfection reagent (Roche Applied Science, Indianapolis, IN). Each well was transfected with 25 ng of CMV2-CAR or CMV2-PXR expression plasmid, 25 ng of 3.1-RXRR expression plasmid, 100 ng of luciferase reporter, and 10 ng of pRL-CMV (for transfection normalization; Promega Corp.). For all transfections, the reagent was prepared at a ratio of 1:3 (micrograms of DNA to microliters of transfection reagent) as recommended in the manufacturer's protocol. Within a given experiment, all transfections contained the same total amount of DNA. At the time of transfection (∼1 h after seeding), cells were approximately 70% confluent. The following day (∼18 h post-transfection), cells were treated with chemical agents, which were all prepared in DMSO. Each treatment was performed in quadruplicate. Because CAR1 is constitutively active, androstanol (10 μM), an inverse agonist of CAR1 (20) , was included in the treatment mix to decrease the receptor's constitutive activity, which can then be reversed in the presence of an agonist. The concentrations of other treatments were as follows: I3S, 5 μM; 6-(4-chlorophenyl)imidazo[2,1-b]- [1, 3] thiazole-5-carbaldehyde O-3,4-dichlorobenzyl oxime (CITCO), a positive control for the CAR receptors, 5 μM; and Rifampicin (RFPM), a positive control for PXR, 10 μM. On day 3 (24 h after chemical treatment), cells were washed with PBS and luciferase assays were performed using the Dual-Luciferase Reporter Assay System (Promega Corp.) and a Veritas Microplate Luminometer (Turner Biosystems, Sunnyvale, CA). Luciferase assay and stop and glow reagents were diluted with 1Â Tris-buffered saline (pH 8.0) to a final concentration of 0.5Â. All other aspects of the assay were performed in accordance with the manufacturer's protocol.
Statistical Analysis. Treatments were compared to the carrier solvent control values. One-way ANOVA was followed by Tukey's multiple-comparison test to compare samples for all analyses, including luciferase reporter assays and qRT-PCR using GraphPad Prism version 5.0.
RESULTS

I3S Activates the AHR-Mediated Reporter Gene Assay.
Indole-and tryptophan-derived products have previously been shown to be AHR ligands (12) . We decided to further explore whether indole metabolites that have been shown to be present in mouse serum could activate the AHR (21) . To screen selected indole derivatives for potential activation of the AHR, we utilized a DRE-coupled luciferase reporter stably integrated into a human hepatoma cell line (HepG2 40/6). Cells were treated with tryptophan, indole, I3S, I3A, or indole 3-methanol and assessed for AHR activation. Two compounds, I3S and I3A, were noted to exhibit significant AHR-driven reporter activity ( Figure 1A ). Further studies with these compounds revealed I3S to be a more potent activator than I3A, with significant reporter activity observed at 10 nM ( Figure 1B ). To establish that the observed activity was AHR-dependent, cells were cotreated with I3S and the AHR antagonist, TMF (22) . The decreased luciferase activity observed in samples treated with increasing concentrations of TMF is consistent with the concept that I3S is a direct AHR ligand (Figure 2A ). The unexpected potency of I3S in activating the AHR is particularly striking, considering that it is generally believed that high-affinity exogenous AHR ligands must have three or more cyclic or aromatic ring structures (e.g., TCDD and indolo[3,2-b]carbazole). Structures for I3S and TCDD are shown for the sake of comparison ( Figure 1C ). To confirm that the AHR transcriptional activity observed upon exposure to I3S was not due to a trace contaminant, I3S was subjected to HPLC and NMR analysis and was determined to be greater than 99.9% pure (Supporting Information). Therefore, these data firmly establish that the toxin I3S, associated with kidney disease (23, 24) , potently activates the human AHR.
In addition to the human HepG2 40/6 reporter cell line, we also examined the response to I3S treatment in a mouse cell line that similarly expresses a stable DRE-driven luciferase reporter construct (H1L1.1c2). As observed previously in HepG2 40/6 cells, I3S was able to significantly increase luciferase reporter activity in H1L1.1c2 cells, although much higher concentrations (5.8 μM vs 12.1 nM) were required to achieve 50% of the response obtained with TCDD at 10 nM (Figure 2B ). The 500-fold difference in potency was atypical, as the mouse AHR is reported to exhibit a 10-fold higher affinity for ligands relative to the human homologue (25) . For example, the EC 50 for TCDD in Hep G2 40/6 cells is 1 nM, while in H1L1.1c2 cells, it is 200 pM, thus indicating a 5-fold difference in sensitivity to TCDD exposure. On the basis of this apparent dramatic difference in I3S-mediated AHR activity between the human and mouse forms of the AHR, we have focused on human cell lines for the remaining studies.
I3S Induces Transcription of AHR-Regulated Drug Metabolism Genes and Fails To Exhibit Cytotoxicity. The ability of I3S to induce selected AHR-responsive genes was assessed through qRT-PCR. The expression of CYP1A1, CYP1A2, and CYP1B1 following exposure to I3S (1-100 μM) was assessed in the human hepatoma cell line, Huh7. I3S treatment at 10-100 μM resulted in significant induction of CYP1A1/1A2 and CYP1B1 mRNA ( Figure 3A) . Interestingly, 100 μM I3S was equally efficacious with 10 nM TCDD in stimulating CYP1B1 gene expression. Primary human hepatocytes were similarly treated with I3S (from 100 nM to 1 μM), and significant levels of induction were also observed, compared to control, for the CYP1A1, CYP1A2, CYP1B1, UGT1A1, and UGT1A6 genes ( Figure 3B ). CYP1A1/2 metabolic activity was also determined for both Huh7 and primary human hepatocytes using the luciferin-CEE reporter assay. Activity was observed in Huh7 cells treated with 10 μM I3S, although only at 14% of the level observed for cells treated with 10 nM TCDD ( Figure 3C ). However, in primary human hepatocytes, significant activity was detected with 1 μM I3S, and at higher concentrations (50 μM), activity was 92% of that for TCDD ( Figure 3D ). Considering that I3S is toxic in vivo, we wanted to test whether I3S would cause cytotoxicity in Huh7 cells. Cells were exposed for 48 h to 10 μM I3S, and no cytotoxicity was observed as assessed with a lactate dehydrogenase assay of culture supernatant ( Figure S1 of the Supporting Information).
I3S Is a Direct Ligand of and Mediates Gene Regulation via the AHR and Fails To Activate the PXR or CAR. The AHR has also been shown to work through a nonclassical pathway, in which binding of the AHR 3 ARNT complex to a DRE sequence occurs in the absence of direct ligand binding [e.g., omeprazole (26) ]. Thus, to determine if I3S binds directly to the AHR, we performed ligand binding competition assays (15, 25) using liver cytosol isolated from a transgenic mouse expressing the human homologue of AHR. This hypothesis was confirmed, as I3S was able to effectively displace the AHR photoaffinity ligand, 2-azido-3-[ Figure 4A ). Both I3S and indirubin exhibit the ability to potently displace the photoaffinity ligand from the human AHR, compared to a known high-affinity exogenous AHR agonist (15) . siRNA-mediated knockdown of AHR, performed in MCF-7 cells, likewise revealed that induction of CYP1A1 by I3S is AHR-dependent ( Figure 4B ). In this experiment, CYP1A1 mRNA levels following exposure to I3S were 94% lower in the cells treated with the AHR siRNA, as compared to control siRNA-transfected cells.
To assess the specificity of I3S, we examined its potential to activate additional xeniobiotic sensors, which are coexpressed with the AHR in the liver (e.g., CAR1, CAR2, CAR3, and PXR). COS-1 cells were cotransfected with CAR and PXR expression vectors along with appropriate reporter constructs and exposed to I3S. Of these receptors, only CAR1 exhibited a marginal activation following I3S treatment ( Figure 5 ). However, it is still possible that high micromolar concentrations may be capable of activating these receptors, although whether that outcome would be physiologically relevant is uncertain. Nevertheless, these data suggest that the AHR is most likely the primary receptor that responds to I3S in the liver.
I3S Modulates AHR-Mediated Genes Involved in Cellular Homeostasis. Although the data for the drug-metabolizing enzymes clearly demonstrate that I3S is acting as an agonist for the AHR, we were intrigued by the possibility that the I3S-activated AHR may be regulating other biological regulatory processes, such as those involved in immune function homeostasis. Cotreatment of the MCF-7 human breast cancer cell line with interleukin-1β (IL1B) and an AHR agonist leads to a synergistic increase in IL6 levels (6). These findings, coupled with the results presented here, suggest that I3S may also synergize with cytokines to increase IL6 production in tumor tissue. In cells treated with IL1B and as little as 10 nM I3S, significant synergistic induction of IL6 was observed compared to that with IL1B alone ( Figure 6A ). Conversely, it has also been reported that activation of the AHR can repress acute phase gene expression, including SAA1, in a DRE-independent manner (2). We show here that Huh7 cells treated with IL1B exhibit an increased level of expression of SAA1 mRNA, which is repressed with I3S pretreatment for 1-8 h ( Figure 6B ). Cotreatment of Huh7 cells with IL1B and TCDD results in a 50-75% repression of SAA1 mRNA levels (2). These results indicate that I3S can mediate diverse transcriptional activities through the AHR.
DISCUSSION
In the intestinal tract, bacteria such as Escherichia coli express tryptophanase, which leads to the production of indole from dietary tryptophan. Indole absorbed from the gut is hydroxylated in the liver by CYP2E1 to form indoxyl, followed by sulfation by sulfotransferases to form I3C, which is excreted in urine (27, 28) . Whether the intracellular production of I3S in the liver in healthy individuals leads to elevated basal levels of phase II enzymes regulated by the AHR will require further investigation. The formation of significant serum levels of I3S in mice is dependent upon the presence of gut flora (21) . Studies in rats have revealed that elevated serum I3S levels can mediate the progression of glomerular sclerosis (23) . In healthy humans, the serum level of I3S is ∼2 μM, with nearly 100% bound to serum proteins (29) . The proximal tubular cells within the kidney transport I3S from peritubular capillary blood to the tubular lumen, suggesting that there are normally significant levels of I3S in these cells and the AHR may have a biological role in the function of this cell type. Transport of I3S across proximal tubular cells has been shown to be mediated by organic anion transporters (OATs) (30) . Interestingly, the AHR can both increase and decrease the level of mRNA expression of a number of transporter proteins, including Oat1a1, Oat2b1, Oat3a1, and Mrp-2 and -3 in mouse liver (31, 32) . Human kidney dysfunction occurring as a result of diabetic nephrophy has been shown to lead to sustained high levels of I3S in serum. In chronic hemodialysis patients, the level can be between 7 and 343 μM, with an average concentration of 120-140 μM in serum (33, 34) . In these patients ∼89% of the I3S is bound to serum protein, suggesting that the effective free serum concentration of I3S would be 12 μM, a concentration that yields maximal induction of AHR transcriptional activity in cell culture experiments (29) . Clearly, further studies are needed to examine the role of the AHR in proximal tubular cells. The tissue concentrations of I3S have been examined in a nephrectomized rat model system (CRF), and I3S was found at the highest concentrations in the kidney and at lower levels in lung, heart, and liver (35) . Within the kidney, an ∼6-fold increase in I3S concentration has been detected in CRF rats, with I3S levels of ∼71 μM detected in kidney homogenate. If these results reflect the tissue concentrations present in patients with end stage kidney disease, it would be expected that the AHR would be fully activated. Considering that I3S levels are highly elevated in rat models of CRF, it would be expected that subsequent AHR activation would enhance expression of AHR target genes. This has in fact been observed, as the AHR target gene CYP1A2 protein levels in kidney and liver are greatly enhanced in CRF rats (36) , thus supporting the significance of the findings presented here. Interestingly, the kidney has relatively high levels of AHR expression, which upon activation by TCDD can mediate hydronephrosis in mice (37) . The toxic effects of TCDD are solely mediated by the AHR and thus can yield clues about the possible effects of elevated AHR activity induced by high I3S levels. Rats exposed to TCDD resulted in altered glomerular structures, an increase in renal oxidative stress, and altered creatinine levels (38) . Studies in primary rabbit proximal tubule cells reveal that TCDD inhibits cell proliferation, decreases the rate of glucose uptake, and suppresses expression of Na þ /glucose cotransporter 1 and 2 (39) . These studies suggest that excessive AHR activity has a profound effect on kidney function.
The data presented here show for the first time that the indole metabolite, I3S, specifically binds to the AHR and acts as a (A) Huh7 cells were treated with DMSO (0.1%, v/v, control), 10 nM TCDD, 1 μM I3S, 10 μM I3S, or 100 μM I3S for 6 h. Levels of mRNA are depicted for CYP1A1, CYP1A2, and CYP1B1 genes. (B) Primary human hepatocytes were treated with 100 nM or 1 μM I3S, 10 nM TCDD, or DMSO (control) for 6 h. Levels of mRNA are depicted for CYP1A1, CYP1A2, CYP1B1, UGT1A1, and UGT1A6 genes. CYP1A1/2 metabolic activity is measured by CEE luciferase for Huh7 cells (C) and primary human hepatocytes (D) treated with 100 nM to 50 μM I3S, 10 nM TCDD, or DMSO for 18 h. Experiments were performed in triplicate; error bars denote the standard deviation. Significance, as compared to respective control-treated samples, is noted by one ( p < 0.05), two ( p < 0.01), or three ( p < 0.001) asterisks. potent agonist. However, it is still possible that in cells an I3S metabolite could be formed that also leads to AHR activation, athough considering that nanomolar concentrations of I3S induce AHR transcriptional activity after treatment for only a few hours would argue against this possibility. Relative to TCDD, I3S appears to be a more efficacious inducer of phase II enzyme expression than cytochrome P-450 regulated by the AHR in primary human hepatocytes. This may imply that the I3S-AHR-ARNT complex regulates gene expression in a manner different from that of a receptor bound to TCDD. The fact that I3S is a strong AHR agonist was initially surprising. The fact that the presence of a polar sulfate moiety is necessary for AHR activation is counterintuitive to the dogma in the literature, in which hydrophobic polycyclic compounds have usually made the most potent ligands for activating the AHR. Second, this is the first example known by the authors of a phase II enzyme metabolite activating the AHR. Our data clearly demonstrate that I3S binds to the receptor and modulates AHR-dependent biological signaling. Another novel aspect of this study is the identification of an AHR ligand that has an ∼500-fold higher human AHR potency compared to that of the mouse AHR. Exogenous AHR ligands (e.g., TCDD and benzo[a]pyrene) generally have higher affinity for the mouse AHR relative to the human AHR. The exception to this statement is the relatively higher affinity of indirubin for the human AHR (15) . These observations may indicate that the human AHR has adapted to bind a different subset of ligands, or at least to bind certain ligands with higher affinity. It has been well established that I3S is a uremic toxin that contributes to kidney glomerular sclerosis, although the mechanism of toxicity has not been firmly established. In addition, I3S has been shown to induce oxidant stress and suppress erythoid colony and lymphocyte blast formation in cell culture models (40) (41) (42) ; however, these effects were observed only at high micromolar concentrations, and their physiological relevance is uncertain. In contrast, the results presented here describe for the first time a specific intracellular target of I3S activity that can be activated in the nanomolar range. Historically, the focus has been on the ability of I3S to mediate nephrotoxicity, but the fact that there are high circulating levels of I3S in dialysis patients coupled with its ability to activate the AHR would suggest that I3S could mediate altered gene expression in a variety of tissues and lead to altered xenobiotic or endogenous metabolism in the liver. Thus, it may be expected that some aspects of I3S toxicity in these patients could be a consequence of sustained AHR activation.
The sulfation of substrates generally leads to enhanced excretion of metabolites and thus is considered a detoxification process. Structure-activity studies indicate that indole or indoxyl does not exhibit the toxicity associated with I3S; thus, the presence of a sulfate group leads to I3S exhibiting a unique biological activity. This is perhaps due to the ability of the sulfate group to interact with a neighboring positively charged amino acid functional group in the ligand-binding pocket of the AHR. Interestingly, there are sulfated metabolites (e.g., heterocyclic amines) that have been shown to be unstable and that can covalently bind DNA, providing one pathway through which sulfation can lead to toxicity (43) . In contrast, I3S is quite stable and is excreted without further metabolism. Several reports suggest a correlation between I3S levels and an increased frequency of cardiovascular disease (44) . Studies supporting this observation have revealed an increase in oxidant stress and inflammation during chronic kidney disease, a key marker of cardiovascular disease (41) . However, these studies did not identify a molecular target for these effects. We propose that certain side effects associated with the need for dialysis treatment and chronic kidney disease may be a consequence of continual I3S-mediated activation of AHR, effects also seen with exposure to high-affinity persistent AHR agonists (e.g., dioxin). The discovery that I3S is a potent AHR agonist should stimulate clinical studies examining whether elevated levels of I3S in patients with kidney disease mediate toxicity through AHR activation and whether AHR antagonists could block these effects.
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